We report neutron inelastic scattering measurements on the stoichiometric iron-based superconductor LiFeAs. We find evidence for (i) magnetic scattering consistent with strong antiferromagnetic fluctuations, and (ii) an increase in intensity in the superconducting state at low energies, similar to the resonant magnetic excitation observed in other iron-based superconductors. The results do not support a recent theoretical prediction of spin-triplet p-wave superconductivity in LiFeAs, and instead suggest that the mechanism of superconductivity is similar to that in the other iron-based superconductors.
LiFeAs exhibits several properties which apparently set it apart from the rest of the iron-based superconductors. Unlike other stoichiometric iron arsenide compounds, LiFeAs is an intrinsic superconductor with relatively high transition temperature T c ≈ 17 K without the need for carrier doping or application of pressure to induce superconductivity [1] [2] [3] [4] . Accordingly, and again in contrast to other iron-based superconductors, stoichiometric LiFeAs does not undergo a tetragonal-toorthorhombic phase transition, even up to pressures of 20 GPa (Refs. 5 and 6), and does not exhibit spin density wave (SDW) order close to, or coexisting with, the superconducting regime 1, 4, 7 . This anomalous behavior raises the possibility that some aspects of the superconductivity in LiFeAs might be different from the other iron-based superconductors.
The lack of SDW order in LiFeAs has recently been discussed in relation to Fermi surface data obtained by angle-resolved photoemission spectroscopy (ARPES) 8 . SDW order in the iron-based superconductors is generally attributed to strong Fermi surface nesting between electron and hole pockets separated by the antiferromagnetic wavevector Q AF (see Ref. 9 ). In the superconducting compounds, SDW order is suppressed or completely absent, but antiferromagnetic fluctuations persist into the superconducting state and have been observed by inelastic neutron scattering 10 . A prominent feature of the spin fluctuation spectrum is a magnetic resonance which appears at temperatures below T c and at the wavevector Q AF . This feature, first observed in (Ba,K)Fe 2 As 2 (Ref. 11) and subsequently in many other Fe-based superconductors 10 , is consistent with a dominant spin-singlet s ± pairing symmetry [12] [13] [14] as also suggested by many other experiments 15 . The Fermi surface of LiFeAs, however, is found to display poor nesting properties 8 . This suggests that differences in its physical properties compared with other Fe-based superconductors could be due to differences in the electronic structure, resulting at least partly from the short Fe-Fe distance compared with most other Febased superconductors 17 . An electronic structure model for LiFeAs based on the ARPES results supports this notion 16 . The model predicts that SDW order is absent, and instead finds almost ferromagnetic fluctuations which drive an instability towards spin-triplet p-wave superconductivity. The character of the spin fluctuations is therefore pivotal to the superconducting pairing state, according to these models, and so experimental measurements of the spin fluctuation spectrum of LiFeAs are of great interest.
Here we report a neutron inelastic scattering study of the momentum-resolved magnetic spectrum of polycrystalline LiFeAs. The data provide clear evidence for strong magnetic fluctuations with a characteristic wavevector coincident with (or close to) Q AF , consistent with NMR data 20, 21 . We also observe an increase in intensity within a range of energies around E ≈ 8 meV on cooling below T c , consistent with a superconductivity-induced spin resonance peak.
Polycrystalline LiFeAs was prepared from high-purity elemental reagents (>99.9%) by the methods reported elsewhere
17
. The sample "MP127" described in Ref. 17 was used for this experiment. Joint synchrotron xray powder diffraction (see Fig. 1 ) and neutron powder diffraction refinements (space group P 4/nmm, lattice parameters a = 3.777 Å and c = 6.356 Å) established that the material was phase pure and that there was no detectable substitution of Li by Fe which has been shown to destroy superconductivity even at the 2% level
. Magnetic susceptibility measurements made by SQUID magnetometry confirmed that the sample is a bulk superconductor with a sharp onset of superconductivity at T c = 17 K (Fig. 1) .
The inelastic neutron scattering experiments were performed on the MERLIN chopper spectrometer at the ISIS Facility treme air sensitivity of the sample, all handling was done in an inert atmosphere. After the experiment the sample was re-checked by x-ray diffraction and magnetometry and its properties were found to be the same as before the experiment. Spectra were recorded with incident neutron energies E i = 15, 25 and 50 meV, and at a number of temperatures between 6 K and 34 K. A short run was also performed at room temperature. The scattering from a standard vanadium sample was used to normalize the spectra and to place them on an absolute intensity scale with units mb sr The general features of the data are illustrated in Fig. 2 , which is a color plot of the measured inelastic scattering intensity as a function of momentum transfer, Q, and energy transfer, E. At low energies there is strong scattering from the elastic line (coherent and incoherent scattering) and from phonons. However, a steep column of scattering centered on Q ≈ 1.2 Å −1 stands out from the phonon background and extends in energy throughout the accessible region of (Q, E) space. The spectrum bears a very close resemblance to that of polycrystalline BaFe 2 As 2 (Ref. 19 ) and (Ba,K)Fe 2 As 2 (Ref. 11) , and based on this we can confidently attribute the column of scattering at Q ≈ 1.2 Å −1 to magnetic fluctuations. Figure 3 presents a selection of cuts taken through the data at different energies. The cuts all contain a rising signal at higher Q due to phonon scattering and (apart from at the lowest energy) a peak centered on
. To analyze the peak quantitatively we fitted the cuts to a Gaussian function on a linear background. Initial fits were made in which the width, center In most cases these constraints do not significantly affect the values of the fitted intensities, but at the lowest energies where the signal is small, and at the highest energies where there is limited data on the background on the low Q side of the peak, they reduce the uncertainties in the fitted peak intensities.
The inset of Fig. 3 is a plot of the integrated intensities of the fitted peaks as a function of energy for the accessible range of energies. Data are shown for temperatures of 6 K (T < T c ) and 20 K (T > T c ). At 20 K there is no measurable intensity up to an energy of about 5 meV, at which point the intensity increases sharply with energy. This behavior indicates that there is a spin gap in the normal state of about 10 meV. At 6 K there is additional intensity in the energy range between about 4 meV and 12 meV.
We also performed fits with a powder-averaged twodimensional Gaussian function, a model that assumes no variation in intensity with out-of-plane momentum or with energy. This method put the center of the Gaussian at Q = 1.14 ± 0.02 Å −1
. In reality we expect the magnetic correlations to be quasi-two-dimensional (intermediate between two-and three-dimensional due to nonnegligible c-axis coupling, as observed in other iron arsenides), so we expect the true characteristic wavevector . Figure 4 shows a series of cuts taken through data collected at different temperatures, with neutrons of incident energy 25 meV. All of these cuts are averaged over an energy interval of 6-11 meV. Small peaks visible near Q ≈ 2 Å −1 are from phonons since they increase with temperature. We used the same fitting procedure as described above to obtain the temperature variation of the magnetic signal. Again, the center and width of the Gaussian were fixed, and only the peak amplitude and linear background were varied. The inset of Fig. 4 shows the integrated intensity of the fitted Gaussian peak as a function of temperature. The integrated intensity is seen to increase sharply below the superconducting transition temperature T c = 17 K. , and since these are Fourier components of the iron primitive lattice we would expect ferromagnetic fluctuations to give strong magnetic scattering at these wavevectors. It is evident from Figs. 2-4 that no detectable signals exist at either of these positions. The direct observation of SDW fluctuations, as opposed to ferromagnetic fluctuations, in the momentum-resolved magnetic spectrum is consistent with the interpretation of NMR data on LiFeAs 20, 21 . The existence of strong SDW fluctuations, and lack of ferromagnetic fluctuations, is perhaps surprising given (i) the results from ARPES which indicate poor nesting between electron and hole pockets separated by Q AF , Ref. 8 , and (ii) the theoretical calculations based on the ARPES results which predict near-ferromagnetic fluctuations to be the dominant pairing interaction 16 . On the other hand, more detailed calculations using a functional renormalization group method indicate that although ferromagnetic fluctuations are present as a competing instability, antiferromagnetic fluctuations dominate at the low energy scales relevant for superconductivity 22 and could drive an instability towards s ± superconducting pairing in LiFeAs, similar to that generally thought to occur in other iron-based superconductors.
The second notable feature of our results is the increase in spectral weight on cooling below T ≈ T c for energies in the vicinity of the spin gap, as shown in the insets to Figs. 3 and 4 . This behavior is qualitatively consistent with a superconductivity-induced magnetic resonance, as reported in the 122 and 11 iron-based superconductors 10 , and most recently in the 1111 family 23 . An approximate scaling has been found between the resonance energy E r and T c , such that E r /k B T c = 4.5 − 5.5 (Ref. 10) . If this scaling is applied to LiFeAs (T c = 17 K) then it predicts a magnetic resonance near 7.5 meV, which is in the middle of the range in which additional intensity is observed below T ≈ T c . On balance, therefore, the results point towards the existence of a magnetic resonance below T c in LiFeAs.
In conclusion, we have obtained two key results which provide firm evidence that LiFeAs behaves in a similar way to the other iron pnictides and is not in fact anomalous. We have observed scattering from strong spin fluctuations at or close to the antiferromagnetic wavevector, and we find evidence for the existence of a superconductivity-induced magnetic resonance at around 8 meV. These results suggest that the mechanism of superconductivity in LiFeAs is similar to that in other ironbased superconductors. 
